GPS navigators are now present in most vehicles and smartphones.
INTRODUCTION
Currently, every big city has mobility issues because citizens need to travel to work, go to school, visit hospitals, shop, or make short trips to meet each other [13] . In many cases, citizens live in lowdensity areas where public transport is not an option or they would much rather travel in their own cars. is is happening right now, Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for pro t or commercial advantage and that copies bear this notice and the full citation on the rst page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permi ed. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior speci c permission and/or a fee. Request permissions from permissions@acm.org. GECCO '17, Berlin, Germany © 2017 ACM. 978-1-4503-4920-8/17/07. . . $15.00 DOI: h p://dx.doi.org/10.1145/3071178.3071193 not only in the European countries [14] but also throughout the developing world [3] .
Meanwhile, the infrastructure is not advancing at the same pace to support the mobility demands of users, which in turn, produces tra c congestion, longer travel times and an increment in greenhouse gas emissions and fuel consumption.
is environmental impact of road tra c a ects public health [6] and economy, increases medical costs, and reduces productivity through working days lost.
Global Positioning System (GPS) navigators are a part of most vehicles nowadays, as they are needed when driving through an unknown city or neighborhood. Although some of them use data representing the current state of the road tra c to calculate the route shown to the driver, this kind of service is neither updated in real time nor available everywhere in the world. As a result, routes end up being calculated by Dijkstra or A* algorithms which only use the length of the streets and their average speed to nd the best way to reach a destination (shortest path).
In this article we present an alternative way of calculating routes based on the concept of dynamic user equilibrium. e alternative routes can be provided (and updated) as a complement to the cartography so they can be used by GPS navigators to improve tra c ows when assigning routes to vehicles driving through a city.
e bene ts of doing this are many: a be er use of the available streets, reduction of tra c jams, gas emissions and fuel consumption, and an improvement in the quality of life of citizens, etc. e rest of this paper is organized as follows. In the next section, we review the state of the art related to our work. In Section 3 we present the characteristics of the geographical area we have analyzed. Our proposal is discussed in Section 4. Section 5 focuses on the studies done and the discussion of the results. And nally, in Section 6, conclusions and future work are given.
RELATED WORKS
In [1] the authors propose the ISATOPSIS (Improved Simulated Annealing Technique for Order Preference by Similarity to the Ideal Solution) algorithm to address the tra c congestion problem in smart cities. It comprises a multi-objective optimization algorithm, which combines simulated annealing (SA) with cost function based on both, multi-a ribute decision making (MADM) and TOPSIS [7] to provide the driver with optimal paths. ey use real-time data using V2V and V2I communications to reroute the vehicles and reduce the congestion on the roads. e experimentation presented uses maps of She eld and Birmingham, U.K., imported into SUMO [8] times, fuel consumption, and CO 2 emissions. In our article we use an evolutionary algorithm to optimize our case study, focusing on the reduction of travel times and greenhouse gas emissions by suggesting alternative routes to vehicles driving through the area under analysis. Additionally, we do not base our proposal on communications, which keeps it simple and robust. In [4] the authors introduce a vehicle-to-vehicle congestion avoidance mechanism to minimize travel times by detecting congestion levels and rerouting vehicles in real time, based on VANETs.
ey create a distributed congestion avoidance scheme and consider a reactive mechanism instead of periodic broadcasts. Additionally, a dynamic route planning technique helps cars to avoid jams by choosing the route with the minimum travel time which is calculated using the congestion information available, previously collected by each car.
e results show improvements in travel times when using their proposal, compared to the shortest-path routes generated by SUMO using Dijkstra. Our work is based on a di erent approach as we do not use vehicular networks but rather previously calculated routes and their probability of being chosen to improve the road tra c in the city.
An architecture, called Red Swarm, with the aim of reducing travel times is presented in [11] . ere, the authors use a number of spots distributed around the city so that when vehicles connect to them via Wi-Fi, they receive an update of their routes toward their destination. e nal route, based on probability values calculated by an evolutionary algorithm, is built by visiting just some of these spots. As a result, di erent routes are used, avoiding tra c jams and reducing travel times. In our present work, we do not need to build any extra infrastructure as the routes have been previously calculated and proposed by the existing GPS device in the vehicle.
In a nal, relevant article a carbon-footprint/fuel-consumptionaware variable-speed limit (FC-VSL) tra c control scheme is presented in [9] . e authors minimize fuel consumption for a single vehicle under certain tra c conditions, and obtain the optimal vehicular trajectory. To do so, they designed the FC-VSL scheme based on the optimal trajectory and limiting speed, applied it to all vehicles on the road, and evaluated its performance with a detailed simulation. eir results show that the FC-VSL can reduce average fuel consumption and outperforms another VSL scheme which was designed for smoothing vehicular tra c ow. Our proposal di ers from this one, especially in the strategy used to achieve a reduction of fuel consumption. We focus on the best route for each vehicle in order to prevent tra c jams and always respecting the existing maximum speed which is limited only by the restrictions of the road itself.
CASE STUDY
We have chosen as our case study an area of the city center of Malaga (Spain), well-known for su ering from tra c jams. e geographical area studied is delimited to the north by San Bartolomé Street and Ferrándiz Street, to the west by the Guadalmedina River, to the east by Keromnes Street, and to the south by the Mediterranean Sea, which encompasses an area of about 3 km 2 .
We have imported the chosen area (shown in Figure 1 ) into the SUMO tra c microsimulator [8] from OpenStreetMap [10] . is allows us to work with a real scenario, e.g. streets, tra c lights, le turns, and roundabouts.
We have calculated the tra c ows for our case study by using the method presented in [12] based on the Flow Generator Algorithm (FGA). e algorithm assigns vehicles to the tra c ows generated by the program DUARUTER included in the SUMO soware package. is assignation adjusts the number of vehicles in the simulation to the values measured by real sensors in the city.
Using the data published by the local council of Malaga consisting of 12 sensors, we have obtained three di erent scenarios corresponding to average tra c per hour during working days (mala a W D ), Saturdays (mala a S AT ), and Sundays (mala a SU N ).
e real number of vehicles in the city (Real), the value measured at each sensor when simulating the generated scenarios (FGA), and the di erence percentage (Di ) are presented in Table 1 .
DYNAMIC USER EQUILIBRIUM (DUE)
e tra c assignment problem consists of assigning routes to vehicles which are moving from their origin to their destination, usually taking into account variables such as cost and bene ts. It can be solved by calculating the user equilibrium route choice in which routes are assigned to vehicles so that an alternative assignation would have worsened travel times.
According to the Wardrop's rst principle [15] , the user equilibrium is the state in which every driver chooses a route for which the travel time is minimal. Consequently, the resulting network state is in equilibrium, since nobody can improve his travel time by choosing a di erent route.
We have used an approach to the assignment model which is based on an iterated simulation [5] to calculate the dynamic user equilibrium (DUE) by using tools provided by SUMO. is model uses a probability distribution for the route choice so that a route is stochastically picked for each vehicle traveling from its original location to its destination.
Our proposal consists in calculating the dynamic user equilibrium and using the new routes generated to help a GPS navigator in rerouting drivers through di erent streets to reach their destination, instead of using the shortest path. Concretely, we divide the city into ad hoc zones and use the resulting input and output streets as origin and destination of the routes throughout the zone.
en, when a vehicle enters the zone with the intention of driving through it, it will follow one of the available routes according to a previously calculated probability. Note that local trips (i.e. those whose starting and destination points are within this area) are not considered by our proposal as our intention is to favor the tra c ows that are crossing the area (and the city).
In Figure 2 we provide an example of the route assignment process when a driver intends to cross a de ned zone.
e best route in terms of distance is obviously route A. Alternatively, there are two other routes, B and C, which despite being longer, may lead to a reduction of travel times for everyone, as possible congestions can be avoided by using them.
Our work involves not only calculating these routes but also testing three new strategies to obtain the probabilities of using them to drive through the analyzed zone, and prevent tra c jams. Of course, the probabilities not only depend on the streets' distributions (which is the reason we are using OpenStreetMap as the source for the maps), but also on the number and behavior of the vehicles involved (we use microsimulations and tra c data from the local council).
e tra c simulator SUMO (Simulation of Urban MObility) [8] includes several complementary programs. ere is a tool among them, wri en in Python, called DuaIterate, which is used to calculate the dynamic user equilibrium as described in [5] .
Using DuaIterate we have calculated the DUE for our case study and extracted the di erent routes, whose origins and destinations are the input streets and exits, respectively of the area under analysis, as presented in Algorithm 1. First, the initial trips from the case study (malaga) are obtained in order to maintain the initial demand when calculating the new routes. Second, by using DuaIterate the probabilities are initialized and the rst tra c simulation is carried out to assign routes to vehicles and obtain travel times. A er each tra c simulation, the probabilities are updated according to the travel time values measured in the simulation so that the probability of assigning a route is higher for those with lower travel times. is process is repeated until the algorithm converges or the maximum number of steps is reached and DuaIterate ends.
Algorithm 1 DUE Routes
Finally, the routes resulting from the DUE process are used to build the DUE.rp (Dynamic User Equilibrium routes by probability) strategy, in which the probability of choosing a route from a starting point to a destination from those available, depends on how frequently it has been assigned by DuaIterate.
Additionally, the DUE.r (Dynamic User Equilibrium routes) assignation is obtained by keeping just the di erent routes (without repetition) so that all the routes from each origin to a destination are equiprobable.
We propose a third strategy to assign the routes included in DUE.r. Instead of assigning them according to how frequently they are used (DUE.rp) we propose an Evolutionary Algorithm (EA) to calculate the best probabilities for each route to minimize travel times. We have named our proposal DUE.ea and it is described in the next section.
DUE.ea
We have designed a (10+2)-EA (an elitist steady state evolutionary algorithm with a population of ten individuals generating two new individuals at each step) to calculate the probabilities of assigning one of the available routes to vehicles which are driving through the area under analysis.
Solution
Encoding. e solution encoding consists of a numeric vector corresponding to the probabilities for the routes to be chosen. e probability values correspond to the di erent routes from the possible origins and their available destinations in the case study (Figure 1 ). Figure 3 shows the representation of the problem where N origins are arranged into blocks containing the M n reachable destinations from each origin. Finally, each destination could be reached by K n,m routes which have an associated probability value and are restricted so that the sum of them in a destination block is equal to 1.0. Note that the number of possible destinations (M) and routes (K) for each origin is not always the same as it depends on the streets' connectivity where not all destinations can be reached from each origin in the area analyzed.
Our case study contains 121 routes between their eight origins and seven destinations (Figure 1) , so that the problem representation is a vector of 121 probability values.
Fitness function.
We de ne the tness function presented in Equation 1 to reduce travel times and later evaluate the rest of the metrics (gas emissions, fuel consumption, and route lengths) as a way of checking how robust our solution is and what relationships are observed.
tra el time i (1) e coe cient α is calculated as described in Equation 2. It is used to normalize the value returned by the tness function so that the evaluation of each scenario (sc) of the case study is equal to 1.0. Consequently, tness values lower that 1.0 indicate improvement in the average travel times as our aim is to minimize them, i.e. the lower, the be er.
sc ∈ {mala a W D ,mala a S AT ,mala a SU N } 4.1.3 Operators. e selection strategy implemented in the EA is Binary Tournament. We have used a standard two point crossover as the recombination operator where the crossing points are the origin blocks as shown in Figure 4 . We can see there that the entire block of probabilities belonging to the routes for each origin are exchanged between individuals, which gives the operator the ability to build new con gurations at the block level. Additionally, for the mutation operator, we have designed an operator that changes the probability values for the routes in a destination block by rst selecting one of them, then incrementing its value, and nally decrementing the rest, in order to keep the sum total equal to 1.0 ( Figure 5 ). In the example the destination j of the origin i has been selected for mutation. en, probability P i .j 3 for route R i .j 3 is randomly selected to be incremented by 0.1 (probability increment). We can see in the resulting individual that not only has P i .j 3 been incremented, but also the probabilities for the rest of routes in destination j have been decremented to keep the sum total equal to 1.0. We have experimentally set the crossover probability (P c ) to 0.9 and the mutation probability (P m ) to 0.1. Moreover, the probability increment performed by the mutation operator is set to 0.1.
Finally, we have performed an elitist replacement, so that the worst individuals of the population are replaced if they have a tness value higher than the o spring produced in the current generation in order to build the next one.
RESULTS
We tested our proposal in our case study for one hour, to obtain not only travel times but also greenhouse gas emissions, fuel consumption, and distance traveled by vehicles.
First, we took the three scenarios of our map (mala a W D , mala a S AT , and mala a SU N ) calculated by using the FGA as explained in Section 3. To achieve the desired precision (greater than 99.6% in all the scenarios) we performed 90 independent runs of the FGA (30 per scenario) which lasted 5.2, 3, and 2.6 hours, respectively. Second, we obtained the Dynamic User Equilibrium routes (DUE.r), and the DUE.rp (Dynamic User Equilibrium routes by probability) as explained in Section 4. is process took about 5 minutes to converge. en, we have tested the DUE.r and DUE.rp routes in our scenarios by making the GPS navigators to suggest these routes. DUE.r routes are equiprobable, while in DUE.rp, the route probability depends on how much they have been assigned when calculating the user equilibrium.
Furthermore, we tested the Dijkstra shortest path algorithm [2] (Dijkstra) to include its results as we believe that it is the strategy most used by GPS devices nowadays. e implementation of this algorithm and the weight function used in it are provided by SUMO, which takes into account the travel time according to the street characteristics of the city.
Finally, we calculated new probabilities for the DUE routes using our EA (DUE.ea) and tested them in our scenarios, as well. We performed 30 independent runs of the EA on each scenario (90 runs) which lasted 3.5, 4, and 3 hours on average, respectively. Note that we used several machines to execute the 30 independent runs in parallel so that we just had to wait for the longest execution to get our results (8.3, 6 , and 4.7 hours). Table 2 shows the results obtained in terms of Travel Times (TT ), Carbon Monoxide (CO), Carbon Dioxide (CO 2 ), Hydrocarbons (HC), Particulate Ma er (PM), Nitrogen Oxides (NO), Fuel consumption (Fuel), and traveled distance (Distance). Note that we are supposing that all the drivers crossing the area have a GPS device and follow the indications given.
We can see that in spite of the reduced travel times (and emissions) produced by DUE.r, DUE.rp and even Dijkstra, the shortest travel times are obtained in the three scenarios when using DUE.ea. Our strategy also has the lowest emissions and fuel consumption as vehicles arrive at their destinations earlier, avoiding possible tra c jams. Di erences in distances between the strategies are negligible (variations below 1%). e shortest ones were obtained by Dijkstra.
In Figure 6 the results obtained are presented as improvement percentages when vehicles are being routed according to the strategies analyzed here instead of following the ows obtained from the available real data. We can see that the greatest improvements are achieved when there are more vehicles in the area (working days) and that DUE.r and DUE.rp perform be er than Dijkstra which was expected as they have more routes available for vehicles. However, DUE.ea outperforms all of them in all the scenarios and metrics, achieving improvements in travel times (up to 18%), CO (up to 14%), and fuel consumption (up to 7.5%).
By using DUE.ea in the GPS navigators the city's streets are exploited be er by vehicles, with drivers leaving the analyzed zone, on average 63 seconds earlier. Although our initial concern was to shorten travel times, a be er ow of vehicles preventing congestion has also reduced pollution levels as well as fuel consumption (9.3 liters per hour on average). Figure 6 : Improvements in the metrics for the three scenarios of our case study when using di erent strategies for routing vehicles instead of the routes obtained from the data published by the local council. Note that some of the scales used are di erent for better visualization. 
Penetration Rate
We also wished to know if our proposal would be useful when it is not being used by every single vehicle (a very real assumption).
To answer this question, we tested the con guration (probabilities) achieved by DUE.ea when no one was using it (Mala a real tra c) and incrementing the penetration rate in steps of 10% until reaching a full usage (DUE.ea values previously reported in Table 2 ). We present our penetration rate results in Figure 7 . It can be seen that, despite some variations which make the increment inconsistent, all the metrics are improved with respect to Mala a (0% usage) as the penetration rate increased.
ere is at least a minimum improvement when just 10% of the drivers are using the routes and probabilities calculated by DUE.ea in their GPS device, which gets be er as the penetration rate increases.
CONCLUSIONS
In this article we have proposed a way of calculating alternative routes to be used by a GPS navigator. Additionally, we have provided three di erent strategies to select which of these routes are presented to the drivers by the navigator, and compared them with each other and with the Dijkstra shortest path algorithm. We have worked with real maps obtained from OpenStreetMap and actual tra c distribution calculated from the data published by the local council of Malaga.
Our results show that we have improved travel times (up to 18%), greenhouse gas emissions (up to 14%), and fuel consumption (up to 7.5%) in Mala a when using DUE.ea. Furthermore, we have also demonstrated that our proposal is viable even when just 10% of drivers are using it.
Having tested our strategy in the case study presented we want to extend the analysis to other districts of the city with the aim of improving their road tra c. Finally, an integration of all the individually optimized areas would be the strategy to follow, to optimize the road tra c throughout the whole city. Although this would have to be done, taking into consideration the complexity that simulating a big scenario with thousands of vehicles in terms of computation time and hardware requirements entails.
